Although current implementations of super-resolution microscopy are technically approaching true molecular-scale resolution, this has not translated to imaging of biological specimens, because of the large size of conventional affinity reagents. Here we introduce slow off-rate modified aptamers (SOMAmers) as small and specific labeling reagents for use with DNA points accumulation in nanoscale topography (DNA-PAINT). To demonstrate the achievable resolution, specificity, and multiplexing capability of SOMAmers, we labeled and imaged both transmembrane and intracellular targets in fixed and live cells.
Although current implementations of super-resolution microscopy are technically approaching true molecular-scale resolution, this has not translated to imaging of biological specimens, because of the large size of conventional affinity reagents. Here we introduce slow off-rate modified aptamers (SOMAmers) as small and specific labeling reagents for use with DNA points accumulation in nanoscale topography (DNA-PAINT). To demonstrate the achievable resolution, specificity, and multiplexing capability of SOMAmers, we labeled and imaged both transmembrane and intracellular targets in fixed and live cells.
Optical super-resolution techniques [1] [2] [3] [4] make it possible to image biological processes at resolutions well below the classical diffraction limit of light and are starting to provide novel insights into previously unobservable biological phenomena 5 , with recent technical developments approaching true biomolecular resolution [6] [7] [8] .
DNA-PAINT 9 is a simple implementation of single-molecule localization microscopy (SMLM) that makes use of transient binding of dye-labeled DNA strands to complementary target-bound strands, thereby enabling spatial resolution better than 5 nm, as recently demonstrated with artificial DNA nanostructures 6, 8 .
However, this high spatial resolution does not translate to molecular-scale imaging of cellular targets because of the relatively large size of labeling probes (~150 kDa in the case of antibodies), which is one of the major limitations in high-resolution optical microscopy. Furthermore, fully stoichiometric, quantitative labeling via sitespecific conjugation is not yet readily available for a large number of targets, which prevents the analysis of complex biosystems in a quantitative manner, one of the promises of quantitative biology.
The 'ideal' labeling probe therefore needs to satisfy several requirements: it should (1) be the smallest possible size for maximal labeling efficiency and minimal linkage error, (2) allow quantitative labeling (i.e., 1:1 stoichiometry for protein targeting), and (3) allow a rapid selection procedure for novel targets (or, ideally, an already available library of well-characterized binders). Although nanobodies 10 meet some of these criteria, they are not readily available for many cellular targets. Aptamers 11, 12 have the potential to fulfill most of these requirements: they allow for rapid in vitro selection, are relatively small (a few tens of kilodaltons or less), and can be quantitatively labeled. However, their widespread application to fluorescence and super-resolution imaging has thus far been limited by three main factors: (1) restricted availability of specific aptamers for a wide range of targets, (2) concerns about compatibility with fixation procedures, and (3) limited ability to label intracellular targets.
We here introduce SOMAmer reagents 13, 14 as small (7-30 kDa), quantitative, and versatile labeling probes for high-resolution in situ DNA-PAINT imaging. SOMAmer reagents represent a unique class of DNA aptamers that contain modified bases with hydrophobic residues, similar to the amino acid residues abundant in antibody epitopes used for high-specificity and high-affinity binding of proteins. These base modifications increase the range of protein targets for which high-affinity ligands can be selected 15 .
We successfully assayed seven different SOMAmers (21-28 kDa; Supplementary Table 1 ) as probes for DNA-PAINT to quantify proteins in different cellular compartments: the transmembrane receptor EGFR ( Fig. 1 ), GFP-labeled Nup107 in nuclear pores ( Fig. 2 ), catalase proteins localizing to peroxisomes ( Fig. 3 ), ErbB2 and HSP90 ( Supplementary Fig. 1 ), and the lysosomal membrane protein LIMP-2 and mitochondrial HSP60 ( Supplementary Fig. 2 ).
To initially evaluate labeling specificity, we conjugated a dye to a SOMAmer (Fig. 1a ) for diffraction-limited confocal microscopy. For subsequent DNA-PAINT imaging, we extended the SOMAmer sequence with a single-stranded docking site ( Fig. 1b ; on either the 3′ or the 5′ end). First, we labeled EGFR in fixed A549 cells by using a Cy3-conjugated SOMAmer and evaluated the labeling specificity by confocal microscopy (Fig. 1a ,c and Supplementary Figs. [3] [4] [5] . We then carried out DNA-PAINT imaging in A431 cells, using the same EGFR SOMAmer with a docking-site extension instead of the fixed dye ( Fig. 1b ). Comparison of the diffraction-limited ( Fig. 1d ,e) and DNA-PAINT images ( Fig. 1f ) revealed subdiffraction spatial resolution and specific targeting of EGFR proteins in the plasma membrane. Zoomed-in views ( Fig. 1g ) of three areas underscored the high resolution achieved owing to the small size of the SOMAmer in combination with the high localization precision of DNA-PAINT. This is further exemplified by our ability to resolve EGFR molecules spaced only ~14 nm apart ( Fig. 1g ). To obtain an average measure of achievable resolution, we quantified the localization precision of SOMAmer-targeted proteins by overlaying the localizations of ~34,000 EGFR proteins on the basis of their center of mass. We achieved an average localization precision of ~3.2 nm ( Fig. 1h) , which translated to a full width at half-maximum-limited resolution of less than 8 nm (also highlighted by the clearly separable distributions in the cross-sectional histograms in Fig. 1g ). Using classical primary and DNA-conjugated secondary antibody labeling and downstream DNA-PAINT imaging of EGFR, we observed an approximately twofold larger apparent size of single EGFR proteins compared with that observed with SOMAmer labeling ( Supplementary Fig. 6 ).
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As SMLM methods provide quantitative information from localization datasets 16, 17 , it becomes important to label target molecules in a quantitative fashion to harness the precision of such methods in biological systems. SOMAmers could deliver on this promise, as they are single-stranded nucleic acid molecules that can be easily modified during or after chemical synthesis to contain a single label.
We examined the ability of SOMAmers to serve as labeling probes for quantitative PAINT (qPAINT) 18 by labeling EGFR proteins and subsequently carrying out a qPAINT analysis on presumably single EGFRs. We quantified the same ~34,000 EGFR molecules used to determine localization precision (above) and calculated the number of binding events during the time of our image acquisition. The measure for binding events is directly linked to the number of available DNA strands per target molecule (i.e., two strands will exhibit twice as many binding events as a single site). The results revealed a unimodal distribution ( Fig. 1i ), thus confirming quantitative 1:1 labeling of EGFR by the SOMAmers (i.e., either one or no SOMAmer was bound). Using classical primary and DNA-conjugated secondary antibody labeling and subsequent qPAINT analysis, we observed a clear multimodal distribution of binding events, highlighting the broader distribution of binding sites in the antibody case compared with the unimodal distribution in the SOMAmer case ( Supplementary Fig. 7 ).
Next, we turned our attention to the labeling and imaging of an intracellular target. We chose GFP-labeled Nup107 in HeLa Kyoto cells to demonstrate the widespread applicability of SOMAmers for intracellular DNA-PAINT. First, we confirmed specific labeling by GFP-Nup107 with confocal imaging, which showed good colocalization of the GFP and Cy3-SOMAmer signals ( Fig. 2a ). Subsequent DNA-PAINT imaging revealed super-resolved single Nup107 clusters in nuclear pore complexes (NPCs; Fig. 2b ,c). Using astigmatism-based point-spread-function-shaping to obtain 3D super-localization 19 , we were able to spatially separate the cytoplasmic and nuclear rings of the NPCs (Fig. 2d,e ). Cross-sectional histogram analysis of both xy-and xz-projections yielded the expected distances ( Fig. 2d,e ). 
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Next, we labeled intracellular targets without relying on GFP, to further illustrate the flexibility and intracellular specificity of SOMAmers. Here we chose to label catalase proteins, which are localized to peroxisomes, and used confocal microscopy to assay the binding specificity of a dye-labeled SOMAmer for catalase. We costained peroxisomal membrane protein PMP70 with dyelabeled antibodies ( Fig. 3a ) in combination with fluorescein-labeled SOMAmers targeting catalase (Fig. 3b ). The merged overlay image revealed colocalization of PMP70 and catalase signals, again suggesting high labeling specificity of SOMAmers ( Fig. 3c ). Subsequent DNA-PAINT imaging revealed resolvable single catalase molecules in peroxisomes ( Fig. 3d,e ). 3D DNA-PAINT micrographs furthermore revealed distinct z localizations of peroxisomes and catalase molecules within them ( Fig. 3f-h ). We then applied the multiplexing approach Exchange-PAINT 20 ( Supplementary Fig. 8 ) to visualize antibody-stained PMP70 and SOMAmer-labeled catalase molecules, to demonstrate the capability for colabeling with antibodies and SOMAmers. For simultaneous labeling of multiple cellular targets using SOMAmer reagents, we conducted two additional Exchange-PAINT experiments: (1) simultaneous labeling and sequential imaging of HSP60 and LIMP-2 ( Supplementary Fig. 2) ; and (2) labeling and imaging of EGFR, ErbB2, and HSP90 in single cells ( Supplementary Fig. 1 ).
We next evaluated the effects of fixation (Supplementary Figs. 9 and 10) and anionic competitors ( Supplementary Figs. 11 and 12 ) on the labeling specificity, as well as the possibility of direct membraneprotein staining on living cells. Aptamers in general and SOMAmers specifically are selected for native protein targets. The fixation conditions typically used for immunostaining of tissues and single cells are likely to disrupt the native structure of proteins to some extent, and thus potentially decrease or (in severe cases) prevent labeling. However, the successful SOMAmer staining demonstrated here for EGFR, Nup107-GFP, and catalase after a typical paraformaldehyde fixation suggests that SOMAmers can still specifically bind their epitopes in formaldehyde-fixed samples. Nevertheless, we expect that the fixation conditions would have to be slightly adjusted for SOMAmers targeted to other proteins in order to achieve optimal labeling specificity (see also Supplementary Table 2 ). Standard fixation conditions used for conventional immunostaining, such as 4% paraformaldehyde fixation, have proven to be a good starting point for this optimization process. We also note that in fixed cells, the polyanionic competitors dextran sulfate and Z-Block successfully quenched both nonspecific nuclear binding and cellular organelle binding (Supplementary Note 1).
Finally, we carried out EGFR staining without prior fixation on living cells with the EGFR SOMAmer (Supplementary Note 2 and Supplementary Fig. 13 ), which allowed (for the first time, to our knowledge) live-cell DNA-PAINT imaging and tracking of membrane targets in their native state ( Supplementary Fig. 14 and Supplementary Video 1).
In conclusion, we introduce SOMAmers as small, efficient, quantitative, and universal labeling probes for DNA-PAINT that can make this method's high achievable resolution and quantitative imaging capability directly applicable to a diverse variety of cellular targets. SOMAmers, with their enhanced affinity and readily available library of thousands of cellular targets, are poised to replace antibodies and nanobodies as labels, thereby potentially becoming the preferred affinity reagent for super-resolution microscopy. Together with the spectrally unlimited multiplexing capabilities of Exchange-PAINT 20 , SOMAmers should make it possible to eventually image tens to hundreds of cellular targets in single cells with single-molecule spatial resolution in a quantitative fashion, and furthermore allow for live labeling and imaging of membrane-bound proteins. However, we note that there is-apart from the synthesis and assaying of a large number of additional SOMAmers-a considerable challenge involved in achieving this amount of multiplexing: finding compatible fixation conditions for a large variety of targets. This could potentially be overcome by live labeling followed by subsequent fixation; however, future assays are necessary in this direction. Taken together, our findings indicate that quantitative SOMAmer labeling for DNA-PAINT (owing to the easy modification with exactly one docking site per SOMAmer) might have far-reaching implications with the potential to deliver on one of the ultimate promises of SMLM: systemwide biological studies with quantitative single-protein resolution. Possible applications could include the study of the interplay of homo-and heterodimerization of membrane receptors after different stimulation treatments on the single-protein level, which could lead to new insights into their nanoscale organization and physiological function. 
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Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41592-018-0105-0. SOMAmer reagents. Each SOMAmer construct for SOMAmer design with docking strands is described in Supplementary Table 1 .
Protein targets used for systematic evolution of ligands by exponential enrichment (SELEX). Green fluorescent protein (GFP) with a His-tag was purchased from Millipore Sigma (14-392). Catalase purified from human erythrocytes was purchased from Athens Research and Technology (16-05-030000). HSP90 with a His-tag (102036-254) and HSP60 (80059-208) were purchased from VWR. LIMP2/SR-B2 Fc chimera (1966-LM), ErbB2/Her2 Fc chimera, CF (1129-ER), and EGFR Fc chimera, CF (344-ER), were ordered from R&D Systems.
Modified aptamer discovery and synthesis. Aptamers were discovered via the SELEX method as described by Gold et al. 13 . For selections we used modified DNA libraries with a 40N random region containing either 5-(N-benzylcarboxamide)-2′ -deoxyuridine (BndU) or 5-(N-(1-naphthylmethyl)carboxamide)-2′ -deoxyuridine (NapdU) in place of dT. Oligonucleotides were synthesized by solid-phase synthesis with modified deoxyuridine-5-carboxamide amidite reagents as described previously 22 , using phosphoramidite chemistry 23 . Each modified aptamer was cleaved and deprotected from solid support with 20% diethylamine (Sigma-Aldrich; 471216)-acetonitrile (Honeywell; CS017-56) followed by gaseous methylamine (Sigma-Aldrich; 295531) at 40 °C for 90 min, washed with 90% acetonitrile-water, and eluted with deionized water. Product was purified by HPLC with 100 mM triethylammonium bicarbonate with 5% acetonitrile (A) and 100 mM triethylammonium bicarbonate with 70% acetonitrile (B) 24 and characterized by standard methods for purity (UPLC), identity (LC/MS), quantity (UV spectrophotometry), and activity (solution binding affinity).
Z-block polyanionic competitor. Z-block was designed as a nonspecific, polyanionic competitor for SOMAmer reagent target interactions. This synthetic molecule has the same modified BndU nucleotides 2 incorporated during solidphase synthesis by phosphoramidite chemistry 3 . After solid-phase synthesis, the product is cleaved and deprotected with t-butylamine:methanol:water (1:1:2) at 37 °C for 24 h and evaporated to dryness 25 . The reconstituted product is purified by HPLC and characterized by standard methods for purity, identity, and quantity.
Equilibrium binding constants (K d ). Equilibrium binding constants of aptamers were measured in solution at 37 °C as described by Gold et al. 13 . Briefly, heat-cooled 5′ -32 P-radiolabeled DNA SOMAmers (heated to 90 °C for 5 min and cooled to room temperature over the course of 20-30 min) were mixed with different concentrations of target protein in binding buffer (40 mM HEPES, pH 7.5, 102 mM NaCl, 5 mM KCl, 1 mM EDTA, 0.05% Tween-20). SOMAmerprotein complexes were captured with Zorbax beads (Agilent; 899999-777) and quantified with a phosphoimager.
Cell culture. A431 and A549 cells were used for EGFR and catalase imaging. SK-BR-3 cells were used for exchange-PAINT experiments. For GFP-SOMAmer staining, we used a HeLa Kyoto 2xZFN mEGFP-Nup107 cell line. A431, A549, and HeLa cells were grown in high-glucose (4.5 g/L) DMEM supplemented with GlutaMAX, 1 mM sodium pyruvate, and 10% FBS. SK-BR-3 cells were grown in McCoy's 5A medium supplemented with 15% FBS. Cells were seeded into eight-well chambered coverslips and grown to 50-70% confluency.
SOMAmer preparation and folding. Lyophilized SOMAmer reagents were reconstituted in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and stored in 20 µ M aliquots at -20 °C. Working aliquots were stored at 4 °C until use. SOMAmer reagents were heat-cooled in PBS at a concentration of 0.2-2 µ M and used for labeling on the same day.
GFP-Nup107 SOMAmer staining. Cells were rinsed with PBS and fixed in prewarmed (to 37 °C) 2.4% paraformaldehyde in PBS for 15 min at room temperature. Then the cells were washed twice with PBS and incubated in 0.1 M NH 4 Cl for 10 min. Cells were permeabilized with 0.25% Triton X-100 in PBS for 5 min and subsequently blocked with 3% BSA in PBS for 15-30 min. SOMAmer against GFP (100 nM in SOMAmer staining buffer containing 100 µ M Z-Block and 1 mM dextran sulfate) was incubated with the cells for 1 h at room temperature. After incubation with the SOMAmers, the cells were washed three times with PBS supplemented with 5 mM MgCl 2 .
EGFR (ErbB1) SOMAmer staining. Prior to fixation, A431 cells were serumdepleted overnight. Cells were rinsed with PBS and fixed in prewarmed (to 37 °C) 4% paraformaldehyde in cytoskeleton buffer 26 (500 mM NaCl, 50 mM PIPES, 15 mM MgCl 2 , 5 mM EGTA, and 5 mM sucrose) in PBS for 30 min at room temperature. Free aldehyde groups were quenched using 0.1 M glycine and 3% BSA in PBS for 15 min. The folded SOMAmer targeting EGFR was diluted to 100 nM in SOMAmer staining buffer (1× PBS, 5 mM MgCl 2 , 1% BSA, 0.05% Tween-20, 50 µ M Z-Block, 1 mM dextran sulfate) and incubated with the cells for 1 h at room temperature. After SOMAmer incubation, the cells were washed three times with PBS supplemented with 5 mM MgCl 2 . Post-fixation was performed with 4% paraformaldehyde and 0.1% glutaraldehyde in PBS with 5 mM MgCl 2 for 10 min at room temperature. Afterward, cells were washed three times with PBS and incubated in 3% BSA, 0.1 M glycine, and 5 mM MgCl 2 in PBS for 10 min.
EGFR immunostaining. Cells were fixed in the same way as described for EGFR SOMAmer staining. We used a monoclonal antibody targeting intracellular EGFR in blocking buffer (3% BSA, 0.05% Tween-20, 1× PBS) to stain the cells for 90 min at room temperature or overnight at 4 °C. Cells were briefly rinsed with PBS and washed three times with PBS with an incubation time of 5 min for each washing step. Secondary anti-rabbit antibody conjugated to Alexa Fluor 647 was added in blocking buffer (1:200 dilution) for 60 min at room temperature. Cells were briefly rinsed with PBS and washed three times with PBS with an incubation time of 5 min for each washing step.
PMP70 immunostaining and catalase SOMAmer staining. Cells were rinsed with PBS and fixed in prewarmed (to 37 °C) 4% paraformaldehyde in PBS for 15 min at room temperature. Then the cells were washed twice with PBS and permeabilized with 0.25% Triton X-100 in PBS for 10 min. After an additional washing step with PBS, cells were blocked with 3% BSA in PBS for 60 min. Primary anti-PMP70 was incubated in 3% BSA in PBS overnight at 4 °C. Cells were briefly rinsed with PBS and washed three times with PBS with an incubation time of 5 min for each washing step. Secondary anti-mouse antibody conjugated to Alexa Fluor 647 or P1 DNA-PAINT docking site was added in blocking buffer for 60 min at room temperature. Cells were briefly rinsed and washed three times with PBS (5 min incubation time each). Catalase SOMAmer reagent was added in staining buffer supplemented with 1 mM dextran sulfate, 10 µ M Z-Block, and 0.2 mg/ml sheared salmon sperm DNA and incubated overnight at 4 °C. After SOMAmer incubation, the cells were washed three times with PBS supplemented with 5 mM MgCl 2 .
Live-cell staining with EGFR SOMAmers. Cell medium was aspirated and the cells were briefly rinsed in phenol-red-free Leibovitz's L-15 medium. The SOMAmer live-cell labeling solution (100 nM EGFR SOMAmer reagent and 10 µ M Z-Block in Leibovitz's L-15 medium) was added and incubated for 10 min at room temperature or 20 min at 4 °C. The cell-staining solution was removed and cells were washed three times with L-15 medium. Finally, cells were fixed for 30 min with 4% paraformaldehyde and 0.1% glutaraldehyde in PBS with 5 mM MgCl 2 . 
Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Data analysis
Open source software Fiji (distribution of ImageJ) was used to process confocal imaging data, it was described in the following publication: Nature methods 9(7): 676-682, PMID 22743772, doi:10.1038/nmeth.2019. Custom analysis software Picasso was used to process raw super-resolution data. The software is open source and was described in detail in the following publication: Nature Protocols volume 12, pages 1198-1228 (2017) doi:10.1038/nprot.2017.024.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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